Understanding the spatiotemporal dynamics of brain activity is crucial for inferring the underlying synaptic and nonsynaptic mechanisms of brain dysfunction. Focal seizures with secondary generalization are traditionally considered to begin in a limited spatial region and spread to connected areas, which can include both pathological and normal brain tissue. The mechanisms underlying this spread are important to our understanding of seizures and to improve therapies for surgical intervention. Here we study the properties of seizure recruitment-how electrical brain activity transitions to large voltage fluctuations characteristic of spike-and-wave seizures. We do so using invasive subdural electrode arrays from a population of 16 patients with pharmacoresistant epilepsy. We find an average delay of ϳ30 s for a broad area of cortex (8 ϫ 8 cm) to be recruited into the seizure, at an estimated speed of ϳ4 mm/s. The spatiotemporal characteristics of recruitment reveal two categories of patients: one in which seizure recruitment of neighboring cortical regions follows a spatially organized pattern consistent from seizure to seizure, and a second group without consistent spatial organization of activity during recruitment. The consistent, organized recruitment correlates with a more regular, compared with small-world, connectivity pattern in simulation and successful surgical treatment of epilepsy. We propose that an improved understanding of how the seizure recruits brain regions into large amplitude voltage fluctuations provides novel information to improve surgical treatment of epilepsy and highlights the slow spread of massive local activity across a vast extent of cortex during seizure.
Introduction
Epilepsy is a multiscale disease that impacts ϳ50 million people worldwide. Unfortunately, many patients with epilepsy continue to have seizures despite maximal anticonvulsant therapy (Keränen et al., 1988 (Keränen et al., , 1989 Zarrelli et al., 1999; Annegers, 2001) . For these patients, regional surgical resection (i.e., removal of the brain region producing the seizure) may reduce or cure seizures, but this procedure remains an option of last resort, as it carries significant risk and is only curative in 40 -70% of neocortical epilepsy cases de Tisi et al., 2011) . Improved understanding of the complex dynamics that define the seizing cortex and support seizure initiation and spread is required to advance therapeutic management of this disease.
Although epilepsy is a complex disease, resulting from multiple pathologies, seizures manifest with similar clinical and electrical features across a diverse population of patients. For this reason, a seizure is often conceptualized as consisting of distinct and stereotypical dynamic states (Lopes da Silva et al., 2003; Breakspear et al., 2006; Blenkinsop et al., 2012; Kramer et al., 2012; Jirsa et al., 2014) . In humans, these states are typically characterized by the observed voltage dynamics, while animal models permit exploration of the biological mechanisms that underlie these states (McCormick and Contreras, 2001; Pinto et al., 2005; Soltesz and Staley, 2011; Nevado-Holgado et al., 2012) . Extensive previous studies, using numerous different measures, have provided insight into the rapid, transient interactions that occur between brain regions during seizures (Gotman, 1983 (Gotman, , 1987 Lieb et al., 1987; Spencer et al., 1992; Franaszczuk et al., 1994; Schindler et al., 2007; Kramer et al., 2010) . However, understanding the dynamic and biophysical mechanisms of ictal states, and the transitions between them, remain primary goals of epilepsy research.
Among these ictal state transitions, the transition from typical pre-ictal low-amplitude brain voltage dynamics to large voltage fluctuations can be very commonly observed at or following onset of secondarily generalized seizures, which begin focally and then spread to encompass large portions of the brain (Lee et al., 2000; Perucca et al., 2014) . Because it is so notable and stereotyped, this transition permits a quantitative analysis of its spatiotemporal dynamics. Here we examine the spatial pattern of this neocortical recruitment across the brain surface as observed using intracranial electroencephalographic recordings of spontaneous seizures from a population of patients with epilepsy. We show that, for individual patients, consistent spatial patterns emerge as large amplitude activity spreads across the cortex. This cortical recruitment is slow (ϳ4 mm/s) and can be spatially organized or disorganized. The spatially organized recruitment correlates with a more regular, compared with small-world, connectivity pattern in simulation, and successful surgical treatment of epilepsy, despite differences in underlying etiology. We propose that understanding cortical recruitment provides additional insight to guide regional surgical resection for epilepsy.
Materials and Methods
Patient information and recordings. Electrocorticography (ECoG) from 50 seizures (one to five seizures per patient; mean of 3.1) in 16 patients (six women, mean age at surgery of 32 years with a minimum age of 19 years and maximum of 52 years) with long-standing pharmacoresistant complex partial seizures (mean age at onset of 12 years and mean duration of epilepsy of 21 years) were analyzed (Table 1) . Multiple etiologies were represented in this patient population including mesial temporal sclerosis (MTS) as diagnosed by history, seizure semiology, and imaging (n ϭ 3); cortical dysplastic lesions confirmed with pathology (n ϭ 5); and other etiologies (n ϭ 3). In five of the patients, the etiologies were unknown. Seizure onset regions were most common in neocortical temporal structures, mesial temporal structures, or a mix of the two (n ϭ 6). In five patients, seizures arose from frontal lobe structures (the cingulated gyrus or orbitofrontal regions). In five patients, the seizures arose from a region covering parts of the temporal, parietal, and occipital lobes.
For this study, patients were selected who were admitted for EEG monitoring between 2006 and 2012, and were known to have seizures with focal onset and typical complex partial events with secondary generalization; patients were not chosen to represent any distributions of seizure onset regions. Seizure type was determined by examination of the patient's invasive EEG recording, simultaneously recorded closed-circuit video recordings of the patient's behavior, and clinical history of the patient. Seizures in which consciousness was impaired in any way were considered complex partial seizures (CPS). Seizures that culminated in bilateral tonic, clonic, or tonic-clonic movements and in which all or nearly all channels showed ictal activity were considered to have had secondary generalization. Determination of the seizure onset time was made by observing when intracranial electrodes began to show standard ictal electrographic activity, including low-voltage fast activity or repetitive spike-wave discharges (Perucca et al., 2014) . On average, the time interval between seizures was 6 Ϯ 5 h. We note that the seizure onset may occur in subcortical or cortical regions, and may precede the recruitment of the observed cortex to large voltage fluctuations. The semiology and ECoG recordings of all patients involved focal features at onset. All seizures used in this study were CPS with secondary generalization.
All recordings were performed using a standard clinical recording system (XLTEK; Natus Medical) with a 500 Hz sampling rate. The reference channel was a strip of electrodes placed outside the dura and facing the skull at a region remote from the other grid and strip electrodes. Subdural electrode arrays were placed to confirm the hypothesized seizure focus and locate epileptogenic tissue in relation to eloquent cortex, thus directing surgical treatment. The decision to implant the electrode targets and the duration of implantation were made entirely on clinical grounds with no input from this research study. For the analysis presented here we focused on the grid of electrodes (64 electrodes, 8 ϫ 8 cm with 1 cm spacing), covering the lateral surface of the cortex, to map seizure recruitment across adjacent regions of cortex. All data analyses were performed under approved Institutional Review Board (IRB) protocols monitored by the Massachusetts General Hospital and Boston University IRBs according to NIH guidelines.
Anatomical figures. To create anatomical representations of electrode placement and ictal spread (Figs. 1C, 2C , 3A, and Movies 1, 2), we used FreeSurfer (Dale et al., 1999) to reconstruct a 3D model of the cortical surface of the patient using preoperative high-resolution MRI data. We then coregistered these MRI data with a postoperative CT scan showing the location of the intracranial electrodes to obtain the coordinates of electrodes in the space of the reconstructed 3D model of the cortex. These procedures are described previously (Dykstra et al., 2012) .
Estimation of recruitment times and spatial organization. To characterize how the large voltage fluctuations of seizure spread across the cortical surface, we analyzed the data as follows. First, we excluded intervals of data with nonphysiological artifacts (e.g., intervals of amplifier saturation or extremely large amplitude and short duration outliers); on average 8 Ϯ 6% of the seizure duration was omitted from each channel across all patients and seizures. Then, we filtered the data (third-order Butterworth, zero-phase digital filtering) from 0.5 to 249 Hz and notch filtered the data (third-order Butterworth, zero-phase digital filtering) at 60, 120, and 180 Hz. Next, we computed the average reference of the filtered data and subtracted it from each channel (Towle et al., 1999) . Finally, to extract a smooth profile of ictal recruitment representing the intensity of the voltage fluctuations, we computed the time-dependent standard deviation estimate for each channel by dividing the ECoG data into 4 s windows with 3.9 s overlap, beginning 20 s before seizure onset and ending 20 s after seizure termination, and computing the standard deviation of the signal within each window. As the variance of a weak sense stationary signal is equivalent to its power spectral density integrated over all frequencies, computing the standard deviation is equivalent to measuring the square root of the total power ("root total power"; abbreviated as RTP in this study) in each 4 s window. We refer to the frequency domain representation of this measure to aid interpretation of the re- sults. We note that the RTP measure is similar to the energy defined previously (Litt et al., 2001 ), but does not depend on the signal mean and is less sensitive to large values because of the square root operation present in the computation. Repeating the analyses using the energy instead of the RTP, or using a smaller (1.25 s) window, leads to qualitatively similar results (data not shown), suggesting that the approach used here is resilient to these changes. To estimate how the recruitment spreads across the cortical surface, we computed the cross-correlation r i,j between the ECoG RTP of channels i and j, and determined the lag of maximum correlation L i, j :
In the above expression, N s is the number of samples recorded for a seizure and i and i are the sample mean and sample standard deviation respectively, of the RTP for channel i. We note that the existence of a delay between two channels is consistent with a causal relationship, but we conservatively do not interpret these associations as causal. The resulting lags of maximal correlation between all pairs of channels are stored in the matrix L; in this matrix, row i corresponds to the lag of maximum correlation between channel i and all other channels. Theoretically any row could be used as an estimate of the delay between channels. However, to reduce the impact of noise and improve the estimates of the delays, we combined the lags across all rows in the following way. We chose the first channel (channel 1) as an arbitrary time reference by shifting the lags in matrix L so that each row represented the lag between channel 1 and all other channels (i.e., each row had a different estimate of the same lags). Then we used the median of column as an estimate of the delay between channel 1 and j. To reduce the influence of poorly correlated pairs of channels on the median, we excluded lags corresponding to cross-correlations below the average of maximum cross-correlations between all pairs of channels. Finally we sorted the channels based on their relative delays to obtain the order of recruitment. We measured the recruitment time T j of channel j as the delay between the first recruited channel (according to the resulting ordering) and channel j, and the total recruitment time as the delay between the first recruited channel and the last recruited channel. To mitigate the impact of channels recruited much earlier or later than the main recruitment event, we excluded the recruited channels with a delay larger than 3 standard deviations from the mean of delays (average number of channels discarded per seizure is 0.57, maximum number is 5).
To characterize the maximum voltage fluctuations during seizure (referred to as voltage amplitude in the results), we computed for each channel the ratio of the differences between its maximum voltage minus minimum voltage during the seizure and during the interictal period (estimated over the 20 s before and after the seizure). For each seizure, we then averaged this ratio across channels. To quantify the local relation between channels, we computed the local correlation with grid neighbors for each seizure. To compute this measure, we first determined over the entire seizure the maximum cross-correlation over all lags of the RTP between each electrode and its four adjacent neighbors and then average these four values. We then average these results over all electrodes, for each patient and seizure.
To study the spatial organization of ictal recruitment, we compute a recruitment map. The recruitment map is a square matrix with each element corresponding to a location on the 8-by-8 electrode grid, and the value of each element equal to the recruitment time T j of channel j (i.e., the delay between the first recruited ECoG grid channel determined through the ordering procedure described above and channel j). In other words, the recruitment map is a two-dimensional representation of the ECoG grid structure, where each electrode is assigned the value equal to its relative recruitment time compared with the first recruited channel. To characterize the spatial organization of the recruitment map we compute the Moran's Index (Moran, 1950) , which is a measure of spatial autocorrelation. This index varies between Ϫ1 and 1: a value closer to 1 indicates that channels with similar recruitment times are spatially close. A value equal to 0 indicates that the distribution of recruitment times over the grid is random. A value close to Ϫ1 is the result of spatial dispersion of the delays (e.g., early and late recruitment times are mixed together like black and white squares on a chess board). The mathematical formulation of Moran's Index is as follows:
where N c is the number of channels, T i is the recruitment time of channel i, T is the mean recruitment time, and w ij is a matrix of weights chosen to represent the spatial relation between channels. Here we use a weight of 1 if two channels are adjacent on the electrode grid (the four neighborsup, down, left, and right-of a chosen channel), and a weight of 0 otherwise. Finally, we quantified the reproducibility of the spatial pattern obtained for each patient's seizures by measuring the correlation between the recruitment maps for all pairs of seizures for that patient.
To assess the uncertainty of the measured lags between channels and other measures dependent on these lags, we used Monte Carlo simulations based on a bootstrap method adapted to time series (Peterson et al., 2004) . For each Monte Carlo realization, this approach has three steps:
(1) selection of a random subset of the RTP time series for each channel, (2) addition of noise for each selection, and (3) estimation of the lags between channels. The selection strategy picks M data points with replacement among the RTP time series and counts redundant selections C. M is chosen to equal the number of points in the RTP time series. For each selected sample (i.e., data point) at time t s , the added noise follows a Normal distribution of mean 0 and standard deviation ͩ 1 Ͳ ͱC͑t s ͒ ͪ ⅐ RTP ͑t s ͒ taking into account the sample redundancy and the standard error of the RTP estimate RTP ͑t s ͒. Since we computed the RTP using the timedependent standard deviation of the voltage, the standard error of the RTP can be approximated by RTP ͑t s ͒ ϭ RTP͑t s ͒ Ͳ ͱ2͑N Ϫ 1͒ where N is the number of samples within the 4 s moving window (Harding et al., 2014) . We computed 1000 Monte Carlo realizations to create the distributions of each measure from which we estimated their respective means and variances. Using this approach, we found that the uncertainty (i.e., standard deviation) of the lags measured between channels using the cross-correlation varies from 0.11 to 3.31 s.
Statistical analysis. We report seizure characteristics by first consolidating the measure across seizures for a patient using a weighted average. We use as weights the inverse of the variance of measurements estimated through Monte Carlo simulations (see previous section), so that seizures with less reliable estimation have less influence on the patient average. We then compute a grand mean across patients. In one case (as noted below), we use a robust estimation of the correlation (noted here as r robust ) that is less sensitive to the effect from potential outliers (Mosteller and Tukey, 1977) . Results in the text and in bar plots represent the estimated grand mean Ϯ standard deviation of the described statistics, computed across patients. We estimate correlation between several seizure characteristics and determine the significance of these correlations using a threshold of ␣ ϭ 0.05. We test the existence of two groups of patients based on the properties of their recruitment maps using standard ANOVA.
Simulation of the influence of network connectivity on recruitment dynamics. To study the impact of network connectivity on recruitment, we used a cellular automaton model (Wolfram, 2002) . The model is defined as a single-layer network of units (i.e., cells) with excitatory symmetric bidirectional connectivity. We consider each cell as representing the activity of a macroscale brain region beneath an electrode of the ECoG grid. We simulated the activity of grids of 10-by-10 cells, but studied the activity of only the inner 8-by-8 cells to produce recruitment maps with the same resolution as the in vivo data, and reduce edge effects.
Connections between cells were of two types: a regular network structure with neighbor-to-neighbor only connectivity (eight neighbors per cell) or a small-world network structure (Watts et al., 1998; Netoff et al., 2004) where a limited number of connections are randomly changed from neighbor-to-neighbor to anywhere on the simulated 10-by-10 grid. In our simulations we chose a rewiring probability of 0.08 for the smallworld networks, so that on average 32 of 400 bidirectional connections were changed.
There are three rules governing the dynamics of the cellular automaton.
(1) A cell can be either nonrecruited (value of 0) or recruited (value of 1). (2) For each cell i the change from nonrecruited to recruited can occur at each time step depending on the activity of its connected cells, according to c i ϭ B͑1, g ⅐ Α j w ij ⅐ c j ͒, where c i is the activity of cell i, g is a gain factor ( g ϭ 0.05 in our simulation), w ij ϭ ͕0, 1/8͖ is the connectivity weight between cell i and j, and B is a binomial distribution. (3) Once recruited, a cell remains recruited until the end of the simulation, which occurs once all of the cells have been recruited.
In our simulation, a patient was represented by a given connectivity matrix of the cellular automaton (either regular or small world) and a recruitment seed defined as the first cell of the automaton to be recruited. For each patient, four seizures were simulated with the same recruitment seed. We simulated a population of 32 patients with different seeds uniformly distributed over the inner 8 ϫ 8 grid. For each simulation, we computed a recruitment map using the times at which each electrode was recruited (i.e., transitioned from a value of 0 to 1). Then, for each patient, we correlated these recruitment maps and computed the Moran's Index. We compared these two measures between the two groups of simulated patients, i.e., the group of simulated patients with a regular network connectivity versus the group of simulated patients with small-world connectivity.
Results
To characterize the transition to the ictal state of large voltage fluctuations (i.e., "ictal recruitment") occurring at or following seizure onset, we analyzed intracranial EEG data recorded from a population of 16 patients with intractable epilepsy. The seizures from these patients originated from different anatomical loca- Center, The power spectrum of the blue channel reveals the characteristic slowing of rhythmic activity during the seizure. Bottom, RTP for both channels computed over a 4 s window. We focus here on the prominent increase of activity (i.e., recruitment) of each channel and the lag between the initiations of these recruitments of each channel. B, Multichannel ordering based on the lag of maximum cross-correlation computed from the RTP. This example is based on seizure 1 of P4. Top, Example of 11 channels (normalized voltage so that each channel has the same maximum amplitude) ordered using the lags. Bottom, Ordered z-scored RTP for all channels of the same seizure. Computing the lags between all channels allows an ordering of the channels and an estimate of the recruitment time (ϳ40 s in this example). The black line ("recruitment front") follows the recruitment times of the channels during the seizure. C, Time course of the recruitment during seizure 1 of P4 (see B). Channel recruitment is represented here by coloring the surface of the brain with Gaussian profiles centered at the position of electrodes. Warm colors indicate that channels are recruited into high-amplitude fluctuations. In this example, the recruitment starts after seizure onset (delay of 30 s) at the middle-right side of the grid, then spreads to the upper part of the grid and finally to the lower left part. tions, and resulted from different underlying pathologies (Table  1) . To quantify the extent of the fluctuations, we computed the time-dependent root total power (RTP) of each channel with a 4 s sliding window (see Materials and Methods). The RTP produced a smooth activation profile in which the transition to recruitment (i.e., the transition to large amplitude activity encompassing increases in several frequency bands) manifested as a slow spatiotemporal evolution of the RTP over the cortical surface ( Fig. 1 A, C) . We note that the seizure may begin in another location, outside of the observed cortical surface or in a subcortical region; the location of the seizure focus is not investigated here. Instead, we propose to characterize the properties of neocortical recruitment as observed in the surface ECoG and how these properties vary between patients and relate to surgical outcome.
To characterize how the ictal recruitment spreads across the cortical surface, we computed the lag of maximum crosscorrelation of the RTP between all pairs of channels and established a global recruitment order of the channels. Figure 1B , top, displays the ECoG from a selection of channels ordered according to recruitment. We note the large voltage fluctuations appearing after seizure onset and spreading over the cortical surface as the recruitment progressed. The same phenomenon appeared in the RTP (Fig. 1B, bottom plot) across all channels. This approach permitted determination of a sequence of recruited channels (called here the recruitment front) from the earliest recruited channel to the last recruited channel, and allowed an assessment of the total recruitment time for the seizure over the ECoG grid (Fig. 1B) . In what follows, we analyzed these recruitment times to show (1) that the recruitment of neuronal population activity to the seizure occurred slowly (at a scale of several tens of seconds) over the cortical surface, (2) that the spatial organization of the recruitment divided patients into two populations, and (3) that the degree of spatial organization correlated with surgical outcome.
Ictal recruitment is a slow process
We estimated the total recruitment time for each seizure as the delay between the first and last recruited channels. The grand mean recruitment time spanned tens of seconds (mean 32 Ϯ 23 s; Fig. 2A) , although a high variability between patients was present (minimum 11 s for P11, maximum 112 s for P6). Some patients exhibited consistent recruitment times across seizures (minimum standard deviation of 2 s for the three seizures of P1), whereas other patients exhibited large variability in recruitment times from seizure to seizure (maximum variability of 59 s for the two seizures of P6). Across patients, the mean recruitment time was correlated with its variance (r robust ϭ 0.65, p ϭ 0.006), suggesting that patients with longer recruitment times exhibited more variability in those recruitment times from seizure to seizure. This intuitive result could not be assumed a priori, and an inspection of Figure 2A provides examples of patients with low mean recruitment times and high variance (e.g., P8) and high mean recruitment time with low variance (e.g., P3).
Recruitment time was correlated with the seizure duration determined independently by a team of epileptologists (r ϭ 0.29, The delay is measured as time between seizure onset (t ϭ 0 s) and the time at which the RTP of a given seizure exceeds 3 standard deviations above the mean of its pre-ictal RTP. Each gray circle corresponds to one seizure and the black circles with black horizontal bars represent the patient average Ϯ 1 standard deviation. C Left, Representation of the position of the electrode grid estimated on the folded brain surface for P4. Right, Distributions of recruitment speed between pairs of channels using geodesic distance. These estimates use the combined data of 10 patients for whom we could fully reconstruct brain surface and electrode positions. p ϭ 0.04, using all seizures without patient average). We note that the recruitment of all channels to the large fluctuations of seizure represents a subinterval of the entire seizure, and necessarily occurs between seizure onset and termination. As expected, the recruitment process, even if spanning tens of seconds, was limited to a subinterval of the entire seizure (total seizure duration 2.3 Ϯ 0.4 times longer than recruitment, estimated with a least-squares fit). Moreover, the observed neocortical recruitment as measured here on the surface ECoG grid, which has a limited extent, did not start exactly at the time of the seizure onset, as determined through inspection of surface and depth recordings by an epileptologist. For example, the seizure in Figure 1 exhibits a large increase in amplitude starting ϳ25 s after the seizure onset. Defining the recruitment start as the time when the ictal RTP becomes larger than 3 standard deviations above the mean pre-ictal RTP, we found the mean delay between seizure onset and recruitment start to be 22 Ϯ 17 s (Fig. 2B) . This delay is expected as the seizure propagates from an onset location (perhaps in a subcortical region) to the cortical surface observed in the ECoG. We found no significant differences in this delay between seizures with different onset locations (F (2,13) ϭ 0.5, p ϭ 0.6, see Table 1 ) or resulting from different etiologies (F (3,12) ϭ 0.8, p ϭ 0.5). Spatial properties of recruitment maps define two categories of patients. A, Example recruitment maps for two seizures of two patients (P4 and P11). The first patient (P4, left) exhibits an organized pattern of recruitment, consistent from seizure to seizure, as opposed to the second patient (P11, right). White arrows represent the gradient of recruitment times from early to late times (i.e., from warm to cool colors). For these two patients, the bottom pictures represent the average recruitment map projected on the brain's surface using two approaches, either by coloring the surface of the brain with Gaussian profiles centered at the position of electrodes and with decreasing color intensities with the distance to the electrode, or by plotting colored disks above the position of each electrode. B, Pearson's correlation between pairs of recruitment maps for each patient. Each gray circle corresponds to a pair of seizures. Black circles and black horizontal bars represent the mean Ϯ standard deviation of the correlation for a patient. Patients are ordered on the vertical axis based on their mean correlation value. C, Spatial autocorrelation of the recruitment maps measured using Moran's Index (see Materials and Methods). Patients are ordered based on their mean Moran's Index. Each gray circle and gray horizontal bar corresponds to the Moran's Index of one seizure with its uncertainty, and the black circles with black horizontal bars represent the weighted mean Ϯ 1 standard deviation of the Moran's Index for each patient. Inset, Relation between Moran's Index and correlation between pairs of recruitment maps (see B). The ellipses represent the areas within 3 standard deviations around the centers of the two clusters of patients obtained using the Gaussian mixture model: one group of patients with large Moran's Index and correlation between recruitment maps (blue ellipse) and one group with a low value for these two measures (red ellipse).
We estimated the spatial speed of recruitment by determining the ratio of distance over delay between all pairs of channels. Using the electrode coordinates from each patient's reconstructed 3D model of cortex (Fig. 2C, left) , we computed the geodesic distance between each pair of channels, which is the shortest distance along the surface of the brain. We note that this estimation of speed has two potential caveats: (1) the geodesic distance does not represent the real distance in terms of neural pathways (but is a better estimation than the distance between ECoG grid electrodes) and (2) the delays between pairs of channels are not representative of a causal influence, and so a measure of delay only suggests that the seizure could spread causally from one channel to another. We found a speed of recruitment with a mode of 4.3 mm/s (full-width at half-maximum [2.1, 12.3] mm/s; Fig. 2C, right) . When we averaged the speed estimation across seizures for each patient, and then averaged these results across patients, we found a grand mean of 8 Ϯ 4 mm/s (minimum 4 mm/s, maximum 20 mm/s).
The spatial organization of recruitment varies among patients
We next examined how seizure recruitment was organized over the neocortical surface. Figure 3A shows two illustrative examples of seizure recruitment maps (i.e., the spatial representations on the 8-by-8 ECoG grid of the recruitment times of each channel). In one case (P4), the maps from two seizures were similar; for this patient, a stereotyped spatial pattern of recruitment occurred during seizure. Moreover, visual inspection suggests that the pattern is spatially organized: early recruitment times (i.e., warm colors in Fig. 3A) are adjacent, and late recruitment times (i.e., cool colors in Fig. 3A ) are adjacent. These recruitment maps are consistent with the emergence of large amplitude activity such as spike-and-wave discharges in a spatially limited area of the cortex (potentially originating from subcortical structures, not directly resolved in the ECoG activity) and the subsequent slow spread of this activity (see Fig. 1C and Movie 1 for the full spatiotemporal dynamics of the RTP during one seizure of P4). The recruitment maps for another patient (P11) exhibited quite different characteristics: in this case, the recruitment maps were not consistent from seizure to seizure, and no clear spatial organization was present during the recruitment, which started in several spatially separate channels, and then subsequently jumped to the temporal lobe (see Movie 2 for one seizure of P11).
To assess the spatial organization of the recruitment maps, we considered two quantities: the similarity of the recruitment patterns from seizure to seizure in each patient (using the correlation; Fig. 3B ), and the spatial organization of the recruitment maps for each seizure (using the Moran's Index, a measure of spatial autocorrelation; Fig. 3C ). From the correlation analysis (Fig. 3B) , visual inspection suggests two groups of patients: one group with similar ictal recruitment patterns from seizure to seizure and another group with more variable recruitment patterns from seizure to seizure. Analysis of the spatial organization of the recruitment maps for each patient (Fig. 3C ) also revealed two groups: one group with strong spatial organization and another group with weaker spatial organization. Using a Gaussian mixture model with two components, we clustered the patients using the recruitment map correlation and the Moran's Index. We used a clustering index (Hubert statistic) to reject the null hypothesis that these patient characteristics were randomly distributed ( p ϭ 0.001). We note that the correlation between seizure duration and Moran's Index was strong (r ϭ 0.74, p ϭ 0.001); in other words, longer seizures were associated with increased spatial organization of the recruitment map, whereas seizures of shorter duration tended to exhibit decreased spatial organization. We also note that the similarity of recruitment patterns from seizure to seizure (Fig. 3B) , and the degree of spatial organization within each seizure (Fig. 3C) , were strongly correlated (r ϭ 0.94, p ϭ 2 ϫ 10 Ϫ7 ; Fig. 3C, inset ). This result indicates that a patient with a spatially organized recruitment pattern is more likely to have similar recruitment patterns repeated from seizure to seizure. We note that most patients with a high Moran's Index possessed seizure activity similar to P4, consisting of large amplitude oscillations and an abrupt transition to low-amplitude activity at seizure termination, while the patterns of voltage fluctuations in the group of patients with low Moran's Index were more varied.
A potential concern is that the lower spatial organization in one group of patients could result from a late propagation effect caused, for example, by a larger distance between the seizure focus and the surface ECoG grid. However, we did not find evidence for a relationship between this delay (i.e., the delay between seizure onset and the initial recruitment at the cortical surface) and spatial organization of recruitment. We note that for some patients with high spatial organization the delay between seizure onset and recruitment on the ECoG grid was long (e.g., ϳ20 s for patient P4; Fig. 2B , Movie 1), while for other patients with low spatial organization, the recruitment manifests on the ECoG grid quickly after seizure onset (e.g., P11; Fig. 2B , Movie 2). In addition, we did not find a significant correlation between the delay from onset to cortical recruitment (Fig. 2B ) and Moran's Index ( p ϭ 0.26).
The spatial organization of recruitment is related to seizure amplitude
We next examined how the amplitude of seizure activity related to the organization of ictal recruitment. To do so, we first divided the patient population into two groups based on the spatial organization of ictal recruitment: one group with low spatial organization and another with high spatial organization. These two groups correspond to patients with low and high Moran's Index, respectively, as shown in Figure 3C . The amplitude of ECoG activity during seizure (normalized by the interictal amplitude, see Materials and Methods) of patients with higher Moran's Index was significantly higher than the amplitudes of the patients with lower Moran's Index ( Fig. 4A; F (1,14) ϭ 7.1, p ϭ 0.02). Without dividing the patients into two groups, we also found a strong correlation between the Moran's Index and amplitude (r ϭ 0.65, p ϭ 0.006).
We further explored the relation between amplitude and recruitment across different frequency bands using the same set of ECoG data, band filtered at delta (1-4 Hz), theta (4 -8 Hz), alpha (8 -13 Hz), beta (13-30 Hz), and gamma (30 -100 Hz) ranges. In doing so, we preserved the two groups of patients identified in the broadband analysis (see Fig. 3C ) and applied the same analysis methods as for the broadband signals. We found that the recruitment time estimated from the band-filtered signals was not significantly different between the band-filtered and broadband activity (F (5,10) ϭ 0.34, p ϭ 0.89). We also found significant differences between the amplitudes of the frequency bands (F (4,70) ϭ 6, p ϭ 4 ϫ 10 Ϫ4 ). In particular, the alpha, beta, and gamma bands of patients with high spatial organization had significantly higher amplitudes during seizure compared with the delta band of the same group, and also compared with corresponding bands in patients with poor spatial organization (multiple comparisons with p Ͻ 0.01; Fig. 4B ). Finally, the band-filtered recruitment maps were highly correlated (i.e., had very similar recruitment patterns) with the broadband recruitment maps except for the delta band (average correlation for delta: 0.4 Ϯ 0.3, average correlation for other bands pooled together: 0.8 Ϯ 0.2). Overall these results indicate a broadband effect of the recruitment consistent with large amplitude, nonsinusoidal, discharges in the ECoG data, which are common in these types of seizure. In this way, the increased amplitude of ECoG activity in patients with higher spatial organization is representative of a wideband power increase, rather than increased power of a specific neuronal rhythm.
Network characteristics influence recruitment dynamics in the data and in a simulated model of recruitment
To investigate the relationship between the amplitude of ECoG activity and the spatial organization of ictal recruitment, we measured the local correlation between grid neighbors (see Materials and Methods), which quantifies the mutual influence of each channel with the adjacent channels on the ECoG grid (Fig. 4C) . We found that patients with higher spatial organization in the recruitment maps exhibited significantly larger local correlation of the ECoG activity between neighboring channels ( Fig. 4C;  F (1,14) ϭ 14, p ϭ 0.002). We interpret these results as supporting the hypothesis that, in the case of a seizure with large voltage fluctuations, ictal activity acts as a strong driver of neighboring brain regions, resulting in a systematic and spatially consistent recruitment pattern.
To further investigate the spread of recruitment we implemented a model of interconnected brain regions based on cellular automata (Wolfram, 2002) . We chose this modeling framework both for its simplicity and for its consistency with the observed ECoG data; in these data, we lack direct observations of the mechanisms responsible for recruitment and could not constrain these mechanisms in a more detailed biophysical model. We therefore chose a model without detailed biophysical mechanisms. Despite its simplicity and limited number of parameters, this modeling approach has proved successful in investigations of complex network dynamics, such as oscillation and fast wave propagation (Traub et al., 1999 (Traub et al., , 2010 Lewis and Rinzel, 2000) . The model is defined as a single-layer network of brain regions (called cells in this framework) with excitatory symmetric bidirectional connectivity (see Materials and Methods). We studied the influence of two types of network connectivity-regular and smallworld-on the recruitment dynamics (Watts et al., 1998; Netoff et al., 2004) . Examples of simulated recruitment for these two types of networks are shown in Figure 5A . For these two types of networks, we measured three characteristics representative of the recruitment dynamics: recruitment time, correlation between recruitment maps over multiple simulations with a fixed network connectivity, and Moran's Index (Fig. 5B-D) . We found that the recruitment time was significantly shorter for small-world networks (F (1,62) ϭ 26.6, p ϭ 3 ϫ 10 Ϫ6 ; Fig. 5B ). The faster recruitment in the small-world networks can be explained by the additional long-range connections, which allow the recruitment to "jump" to a nonlocal spatial location and therefore spread more quickly over the entire surface (example in Fig. 5A , bottom, at time 100 a.u.). This observation is consistent with the results of the spatial measures: the Moran's Index of the recruitment maps (F (1,62) ϭ 110.6, p ϭ 2 ϫ 10 Ϫ15 ; Fig. 5D ) and the correlation between the different recruitment maps for a fixed network (F (1,62) ϭ 37.6, p ϭ 7 ϫ 10 Ϫ8 ; Fig. 5C ) were significantly lower for the small-world networks, indicating a less spatially organized and less consistent recruitment compared with the regular network connectivity. These simulation results capture the differences observed in the two populations of patients. In simulation, the regular network topology supports a slower, more spatially organized and consistent recruitment, compared with the smallworld topology, where long-distance connections support faster recruitment and more spatially variability. We note that, consis-tent with simulations of the regular network, the patients with more spatially organized and consistent recruitment also showed a trend toward slower recruitment (mean recruitment time 37 s for patients with high Moran's Index compared with 23 s for patients with low Moran's Index). However, this difference in recruitment time was not significant for the sample size of patients considered here (F (1,14) ϭ 1.23, p ϭ 0.28).
Spatial organization of recruitment correlates with surgical outcome
We have identified two categories of patients in our data-those with spatially organized recruitment maps and those with spatially disorganized recruitment maps-and explored several factors of ictal activity that may influence this organization. We now consider the relationship between the spatial organization of a patient's recruitment map and the outcome of resective surgery to treat epilepsy. We used the Engel Score (Engel et al., 1993) to quantify the degree of recovery from epilepsy after surgery. It is an ordinal variable ranging from 1 to 4 and indicates that the patient (1) is seizure-free, (2) has rare seizures, (3) has worthwhile improvements, or (4) has no improvements. The mean follow-up time after surgery was 59 Ϯ 49 months. We found that the group of patients with higher spatial organization of recruitment had significantly lower Engel Scores ( Fig. 6A; F (1,14) ϭ 7.56, p ϭ 0.02). Alternatively, when estimating an ordinal regression of the Engel Score on the Moran's Index (predictor) we found that the Moran's Index decreased with the Engel Score (proportional odds model with an odds ratio of 123.01, p ϭ 0.046; Fig. 6B ). These results suggest that a more spatially organized recruitment pattern is likely to be associated with an improved surgical outcome. We also analyzed the relation between seizure amplitude (predictor) and Engel Score and found that the higher amplitude ictal ECoG activity was associated with improved surgical outcome (proportional odds model with an odds ratio of 1.61, p ϭ 0.023; Fig. 6C ).
Because of limited samples for each case, we did not characterize the precise shapes of the recruitment maps for different seizure onset locations and etiologies (Table 1) . However, the placement of the ECoG grids resulted in recordings of similar cortical regions from patients with different seizure onset locations and etiologies. Yet, we found no significant differences in the spatial organization of the recruitment maps (as measured by the Moran's Index) for different seizure onset locations (F (2,13) ϭ 1.5, p ϭ 0.27) or different etiologies (F (3,12) ϭ 0.4, p ϭ 0.76). We also tested the relationship between these two patient variables and the Engel Score and found no significant differences in Engel Score from seizure onset location (F (2,13) ϭ 0.2, p ϭ 0.81) or etiology (F (3,12) ϭ 0.3, p ϭ 0.83). These results are consistent with the notion that the transition to recruitment evolves similarly in cortex despite differences in seizure onset location and etiology, and that these two factors were not major confounds in the context of this study. We also tested whether the time interval between seizures had any relationship with Moran's Index, and found no significant difference for the interseizure time between patients with higher or lower spatial organization of recruitment (F (1,12) ϭ 0.03, p ϭ 0.87). Finally, we compared the mean delay between onset of epilepsy and surgery for the two groups to examine whether the duration of the disorder affected the spatial organization of recruitment. We found that patients with higher spatial organization tended to have been diagnosed with epilepsy for a longer time (mean 25 Ϯ 13 years compared with 13 Ϯ 8 years, marginally significant, F (1, 14) ϭ 3.5, p ϭ 0.08).
Discussion
How seizure activity spreads throughout the human brain is not fully understood. Here we have used intracranial recordings of seizures from patients with intractable epilepsy to characterize the timing and spatial organization of the recruitment of neocortex to large amplitude activity following the onset of a secondarily generalized seizure. We have shown that recruitment to this dynamic state recorded at the cortical surface was a relatively slow process that occurred over tens of seconds. In addition, the degree of spatial organization of this recruitment was patient dependent: some patients exhibited spatially organized recruitment There is a significant difference of amplitude (* indicates p Ͻ 0.05) between the groups of patients with low Moran's Index (red bar) and patients with high Moran's Index (blue bar). B, Normalized amplitudes of band-filtered activity during seizures for different frequency bands (delta, theta, alpha, beta, and gamma). We find a significant increase ( p Ͻ 0.05) between alpha, beta, and gamma bands of the high Moran's Index group compared with the delta band of the same group (⌬) and the corresponding bands in the low Moran's Index group (*). C, Local correlation structure of the ECoG activity, measured by the mean correlation of one channel to its four neighbors. There is a significant difference of local correlation between the two groups of patients (* indicates p Ͻ 0.05).
consistent from seizure to seizure, whereas other patients did not. We found that increased seizure amplitude was correlated with a more organized spatial recruitment pattern, and the relationship between the amplitude of activity and its spatial organization was consistent across frequency bands. Moreover we have shown, using patient data and simulations of a relatively simple computational model, that the local network structure had a strong relation with the spatial organization of recruitment. Finally, we showed that the more organized spatial recruitment correlated with successful surgical outcome for these patients. These findings suggest new metrics to consider when evaluating surgical treatment of epilepsy.
Timescale of ictal recruitment
We measured a mean recruitment delay of ϳ30 s for an ECoG grid of 8 ϫ 8 cm, with a corresponding recruitment speed of ϳ4 mm/s. This result is consistent with the range of estimates for seizure propagation reported in previous studies. In human patients, seizure propagation has been found to exhibit slow dynamics spanning tens of seconds, with propagation speeds varying from 0.2 to 10 mm/s (Lieb et al., 1986; Brekelmans et al., 1995; Blume et al., 2001; Auer et al., 2008; Sonmezturk et al., 2011; Schevon et al., 2012) . From in vitro models, the speed of seizure spread varies from 0.1 to 1.34 mm/s in a 0 Mg 2ϩ model (Wong and Prince, 1990; Holtkamp et al., 2003; Trevelyan et al., 2006) to 20 -100 mm/s in disinhibited neocortical slices (Chervin et al., 1988; Wadman and Gutnick, 1993; Albowitz and Kuhnt, 1995; Pinto et al., 2005; Trevelyan et al., 2006) . We note that these characteristics are far slower than the conduction velocities found in brain (e.g., for mossy fibers 300 mm/s; Andersen et al., 1978) , but much faster than observed in migraine and cortical spreading depression (3 mm/min; Eikermann-Haerter and Ayata, 2010). Characterizing the speed of recruitment may help identify mechanisms with appropriate (slow) timescales to support seizure spread.
The variability between these measured speeds in patients may occur for multiple reasons, including differences in quantitative methods and in the spatial scale of the observations. In addition, seizure propagation may depend upon the interval of seizure examined. In this study, we did not strictly examine the propagation of seizure onset, which manifests in multiple ways (Perucca et al., 2014) . Instead, we examined the transition to large voltage Figure 5 . Simulation results using a cellular automaton model indicate an influence of the network connectivity on recruitment. A, Simulations of recruitment for two types of network connectivity (top, regular; bottom, small world) using the same seed position. Each 8-by-8 grid represents the cells of the cellular automaton that are recruited (in black) at a given time (every 50 time units). B, Simulated recruitment time (a.u.) measured for the regular connectivity and small-world connectivity groups. The recruitment time was significantly shorter for small-world networks (F (1,62) ϭ 26.6, p ϭ 3ϫ 10 Ϫ6 ). C, Correlation between the different recruitment maps for a given network. The map correlation was significantly lower for the small-world networks (F (1,62) ϭ 37.6, p ϭ 7 ϫ 10 Ϫ8 ). D, Moran's Index of the simulated recruitment maps. We found a lower spatial organization for the group with small-world connectivity (F (1,62) ϭ 110.6, p ϭ 2 ϫ 10 Ϫ15 ).
fluctuations, which is easily identified and subsequently characterized. An alternative approach would be to examine the transition to a specific spatiotemporal pattern and how this transition is organized over the brain, for example, using cross-spectral methods such as Granger's causality (Granger, 1969) or dynamic causal modeling (Moran et al., 2008) . This study was also limited by the restricted spatial sampling of the entire brain's activity. Incomplete coverage of a patient's brain may prevent observation of the earliest recruitment. The observed delay between seizure onset (determined by an epileptologist) and recruitment may represent the time necessary for the ictal activity to spread from a subcortical region to the ECoG grid. We note that the results reported here are consistent with the propagation delays observed during seizure in other studies, e.g., 34.9 s (Brekelmans et al., 1995 ), 3.8 -13.7 s (Götz-Trabert et al., 2008 , and 1-45 s (Blume et al., 2001) . These delays may be related to the timing of some clinical manifestations including aura and impaired consciousness (Götz-Trabert et al., 2008; Blumenfeld, 2012) . The transition to recruitment-a disruptive regime of large voltage fluctuations-likely impairs local neocortices involved in behavior.
Recruitment, network structure, and underlying mechanisms
We showed that the spatial organization of recruitment varied across patients: we found one group of patients for whom the recruitment was spatially organized and stereotyped from seizure to seizure, whereas another group exhibited inconsistent and low spatial organization. We expect that the structure of the connectivity between brain regions would strongly influence the spatiotemporal dynamics of neocortical recruitment, and may account for the different recruitment patterns observed. Using simulations of ictal recruitment in a simple cellular automaton model, we found that networks with stronger local connectivity (i.e., neighbor-to-neighbor compared with small-world networks) induced a more spatially organized and consistent recruitment. This was consistent with the ECoG data, where patients with higher local correlation between electrodes had higher organization of the recruitment. One limitation of the model used in this study is the focus on spatial dynamics, whereas temporal dynamics were not precisely represented. An updated model that includes slow temporal dynamics consistent with the field data (Breakspear et al., 2006; Kim et al., 2009; Kramer et al., 2012; Proix et al., 2014; Meijer et al., 2015) may provide additional insight into the spatiotemporal features of recruitment. The mechanisms of these slow dynamics may include synaptic or nonsynaptic effects such as inhibitory neurons exerting control over the seizing region (McCormick et al., 1985; Bragin et al., 1997; Trevelyan et al., 2006; Cammarota et al., 2013; Hall and Kuhlmann, 2013) , extracellular K ϩ accompanying seizure discharges (Lux et al., 1986; Dreier and Heinemann, 1991; Perreault and Avoli, 1992; Durand et al., 2010; Fröhlich et al., 2010) , Ca 2ϩ -mediated glutamate release from astrocytes (Haydon, 2001; Tian et al., 2005) , ephaptic (e.g., electric field) interactions (Holsheimer and Lopes, 1989; Jefferys, 1995; Zhang et al., 2014) , or cortico-thalamo-cortical loops (Neckelmann et al., 1998; Bertram et al., 2001; Meeren et al., 2002; Salami et al., 2003; Guye et al., 2006) . Extending the modeling approach to incorporate the dynamics of these mechanisms may lead to new insights.
The relationship between network connectivity and recruitment, and seizure activity in general, remains an important research challenge. Different types of diseases or accidents, such as traumatic brain injuries, can induce epilepsy through network changes including neurogenesis and synaptogenesis (Sutula, 2004) . Also, during the long-term evolution of the disorder, some anatomical connections can be facilitated or sensitized (Engel, 1996) , which could be patient specific (Brekelmans et al., 1995) and produce a diversity in the network structure among patients. We speculate that, for the patients with low spatial organization in our study, the recruitment may not follow a spatially organized propagation, but evolve along more complex features of the anatomical connectivity between neural regions, generating a spatial pattern at the neocortical surface that appears unorganized. Consistent with that idea, spatial inhomogeneities of propagation have been reported in various regions of neocortex (Wadman and Gutnick, 1993; Albowitz and Kuhnt, 1995; Wu et al., 1999; Connors et al., 2001 ). Also, whether ictal recruitment reflects A, There is a significant difference in Engel Score (* indicates p Ͻ 0.05) between the groups of patients with low Moran's Index (red bar) and the patients with high Moran's Index (blue bar). Inset, Relation between Moran's Index and Engel Score (each point represents one patient, colored based on the patient's group). B, When grouping the patients by outcome of resective surgery (i.e., Engel Score) and using an ordinal regression with the Moran's Index as a predictor, we found that the Moran's Index decreased with the Engel Score (proportional odds model with an odds ratio of 123.01, p ϭ 0.046). C, Mean normalized seizure amplitude of patients grouped by Engel Score. There was a significant trend to lower seizure amplitudes for patients with a worse surgical outcome (proportional odds model with an odds ratio of 1.61, p ϭ 0.023).
direct neuronal propagation of seizure activity driven by a common source or merely sequential involvement of different potentially epileptogenic structures remains poorly understood (Brekelmans et al., 1995) . Invasive measures of brain activity combined with stimulation protocols (Keller et al., 2011) would help better characterize the process of seizure recruitment between interconnected regions.
Relation between the organization of recruitment and surgical outcome We found that patients with a spatially organized recruitment pattern (i.e., higher Moran's Index) had improved surgical outcomes. For these patients, recruited areas are more spatially contiguous and therefore potentially more easily identified and resected, leading to an improved surgical outcome. We also reported a link between the Engel Score and the amplitude of seizure activity, which is an easily characterized and nonspatially specific summary characteristic of brain activity. These two measurements could potentially help inform the decision to perform resective surgery, based on the likelihood of success.
The relationship between the spatial characteristics of seizure and the outcome of surgery remains an active research area (Rosenow and Lüders, 2001; Park et al., 2002; Wetjen et al., 2009 ). Weinand et al. (1992 demonstrated no significant difference in surgical outcome when patients were divided into more focal (fewer than four electrode contacts) and more widespread types of onset. However, Kutsy et al. (1999) qualitatively analyzed ictal spread patterns and reported that the surgical outcome for patients exhibiting slower ictal spread was improved compared with those patients with faster and noncontiguous spread, consistent with the results reported here.
In complex cases when the seizure onset is hard to identify or remove, the spatial properties of a patient's recruitment map could suggest alternative strategies to resective surgery, for example, targeting the cortical pathway of seizure recruitment through disconnection surgery (Morrell et al., 1989) or therapeutic cortical stimulation to disrupt recruitment (Kossoff et al., 2004; Morrell, 2011) . In these cases, targeting the immediate recruitment zone, instead of the onset zone, could prove effective (Jenssen et al., 2011) and potentially prevent the recruitment of cortices inducing the strongest impairments for a patient.
